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Recent work by the author in collaboration with S. Narison and G. Veneziano on the EMC-SMC-SLAC 'proton 
spin' effect is reviewed. This uses a novel approach to deep inelastic scattering in which the matrix elements arising 
from the OPE are factorised into composite operator propagators and proper vertices. For polarised fip scattering, 
the composite o perato r propagator is equated to the square root of the first moment of the QCD topological 
susceptibility, -J x'(0). We evaluate x'(0) using QCD spectral sum rules and find a significant suppression relative 
to its OZI expectation. This is identified as the source of the violation of the Ellis-Jaffe sum rule for the first 
moment of the polarised proton structure function g\. Our predictions, J Q dxgf(x; Q 2 = lOGeU 2 ) = 0.143±0.005 
and AE = 0.353 ±0.052, are in excellent agreement with the new SMC data. This supports our earlier conjecture 
that the suppression in the flavour singlet component of the first moment of is a target-independent feature of 
QCD related to the U(l) anomaly and is not a special property of the proton structure. 



1. Introduction 

The discovery of an anomalous suppression in 
the first moment of the polarised proton structure 
function g{ by the EMC collaboration|J in 1988 
stimulated a period of intense theoretical and ex- 
perimental activity in the QCD community. Re- 
cently, the existence of this so-called 'proton spin 
problem' has been confirmed by new experiments 
at CERN|] and SLAC@, although the numerical 
results have been substantially revised. 

In this contribution, I will review some recent 
work[Q with S. Narison and G. Veneziano which 
we believe gives a theoretically convincing and 
quantitative resolution of the problem. In our 
picture ||, the 'proton spin' effect is seen as a nat- 
ural addition to the class of OZI-violating U(l) 
phenomena characteristic of QCD in the flavour 
singlet pseudoscalar (or pseudovector) channel. 
Furthermore, the violation of the Ellis-Jaffe sum 
rule, due to the suppression relative to the OZI 
expectation of the singlet form factor Gjj/ (usu- 
ally denoted by AS), is recognised as a generic, 
target-independent feature of QCD related to the 
axial U(l) anomaly and not as a special prop- 
erty of the proton structure. In fact, it reflects an 
anomalous suppression of the first moment of the 



QCD topological susceptibility, x'(0)- 

2. The first moment sum rule for g\ 

The sum rule for the first moment of the po- 
larised proton structure function g\ reads: 

rf(Q 2 ) = f 1 dxgf(x;Q 2 ) 
Jo 



where the G^ a) (fc 2 ) are form factors in the proton 
matrix elements of the axial current: 

(P\J^ R (k)\P) = G^u^u + G^k^ l5 u (2) 

and a is an SU(3) flavour index. Here, we just dis- 
play the perturbative corrections to 0(a s (Q 2 )) . 
For further terms, see Since our results de- 
pend smoothly on the quark masses in the chiral 
limit, we set the light quark masses to zero. 

The interpretation of these form factors in the 
naive parton model is, in standard notation: 
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Gf (0) 



i(Au-Ad) 

— 7 =(Au + Ad-2As) 
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Gf (0) 



AS = Au + Ad + As 



(3) 



The axial current occurs here since it is the low- 
est twist, lowest spin, odd-parity operator in the 
OPE of two electromagnetic currents (see sect. 4). 
The suffix R emphasises that the current is the 
renormalised composite operator. Under renor- 
malisation, the gluon topological density Qr and 
the divergence of the flavour singlet axial current 
J° 5J j mix as follows: 



7° 



2N, 



-(l-Z)d»J% B 



(4) 



where J° 5B 



97^759 and Q B 
and we have quoted the formulae for Np flavours 
The mixing is such that the combination occur 
ring in the axial anomaly Ward identities, e.g. 



2N F Q R )O\0) + (0\S 5 O\0) =0 (5) 



is not renormalised. 

Since J^r is renormalised, its matrix elements 
satisfy renormalisation group equations with an 
anomalous dimension 7, so that in particular G^ 
depends on the RG scale, set to Q 2 in eq.(l). 

We emphasise that does not, as was ini- 
tially supposed, measure the spin of the quark 
constituents of the proton. The RG non- 
invariance of J® 5R , which is a consequence of the 
anomaly, means that it is not a conserved current. 
Only in the idealised case of a free Dirac field do 
the matrix elements of J° 5 and spin coincide. 

To compare the sum rule with experiment, we 
use the following standard results: 



G 



(3) , 



(8) 



4 (0) = -{F+D), G A 



(0) 



2V3 



(3F-D)(6) 



where F + D = 1.257 ± 0.008 and F/D = 0.575 ± 
0.016 as fitted from hyperon and beta decays. We 
also take a s {m T ) — 0.347 ± 0.030 from tau decay 
data. 

The Ellis-Jaffe sum rule is obtained by assum- 
ing that, in parton language, the strange quark 
polarisation in the proton vanishes, i.e. As = 
in eq.(3). This is equivalent to the OZI prediction 



and corresponds to 
Tf(Q 2 = lOGeV 2 ) = 0.170 ± 0.003 
In contrast, our result 



G 



(0), 



0.353 ±0.052 



(8) 
(9) 
(10) 



A (0)|g2 = 10Ge y2 

leads to 

T\{Q 2 = lOGeV 2 ) = 0.143 ± 0.005 

We can also compare with the lowest order 
expectation in the Skyrme model |(|, according 
to which the proton decouples from the flavour 
singlet pseudoscalar channel (r $5j?P p = in 

the language of sect. 4) so that G^(0) = and 
Tl{Q 2 = lOGeV 2 ) = 0.107 ± 0.002 



Figure 1. The recent data for from the 
SMC collaboration. The data points show 
. dxg{(x) at Q 2 = lOGeV 2 plotted against 
a^min and converge to the SMC value of T\(Q 2 — 
lOGeV 2 ) = 0.136 ± 0.011 ± 0.011. Notice that 
the 'world average' quoted by SMC is a little 
higher (see eq.(13)). Also shown are the theoret- 
ical predictions of the Ellis-Jaffe sum rule (EJ), 
the Skyrme model (S) and our own prediction 
(NSV). 



These theoretical expectations are compared 
with the experimental data in Fig.l. The orig- 
inal EMC result was[P 



4 0) (o)l 



OZI 



= 2V3G^ 8) (0) = 0.579 ±0.021 (7) T\{Q 2 = llGeV 2 ) = 0.126 ± 0.010 ± 0.015 (11) 
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which, with the above values for F/D and a a , 
allows the following value of G^ to be extracted: 

G A\ Q 2= 11GeV 2 =0.19 ±0.17 (12) 

Clearly, this value is barely consistent with our 
prediction. It is therefore extremely gratifying 
that the improved analysis by the SMC collab- 
oration quoted in || now gives the new 'world 
average' 

r^(Q 2 = lOGeV 2 ) = 0.145 ± 0.008 ± 0.011 (13) 
from which we deduce 

G i°V=io Ge ^ =0.37 ±0.07 ±0.10 (14) 

Notwithstanding the large experimental errors, 
the agreement between the new data and our pre- 
diction is excellent. 

3. The Composite Operator /Proper Ver- 
tex Method for DIS 

The essential features of our method are eas- 
ily described for a general deep inelastic scatter- 
ing process. The hadronic part of the scattering 
amplitude is given by the imaginary part of the 
two-current matrix element (N\J fJ ,(q)J^(—q)\N). 
The OPE is used to expand the large Q 2 limit 
of the product of currents as a sum of Wilson 
coefficients Ci(Q 2 ) times renormalised composite 
operators Oi as follows (suppressing Lorentz in- 
dices), 

J{q)J{-q) ~ ^C,(Q 2 )O 4 (0) (15) 

i 

The dominant contributions to the amplitude 
arise from the operators Oi of lowest twist. 
Within this set of lowest twist operators, those 
of spin n contribute to the nth moment of the 
structure functions, i.e. 

/ dxx^Fix; Q 2 ) = V C?(Q 2 )(N\OU0)\N)(W) 
Jo 

The Wilson coefficients are calculable in QCD 
perturbation theory, so the problem reduces to 
evaluating the target matrix elements of the cor- 
responding operators. We now introduce appro- 
priately defined proper vertices Fqnn, which are 



chosen to be 1PI with respect to a physically 
motivated basis set Oj of renormalised compos- 
ite operators. The matrix elements are then de- 
composed into products of these vertices with 
zero-momentum composite operator propagators 
as follows, 

(JV|O i (0)|JV)=^<Q|O i (0)6 i (0)|0) T 6jN jf (17) 

3 

Despite being non-perturbative, we can fre- 
quently evaluate the composite operator propaga- 
tors using a combination of exact Ward identities 
and dynamical approximations. 

All this is illustrated in [Q. In essence, what 
we have done is to split the whole amplitude 
into the product of a 'hot QCD' (high momen- 
tum) part described by QCD perturbation the- 
ory, a 'cold QCD' part described by a (non- 
perturbative, zero-momentum) composite oper- 
ator propagator and finally a target-dependent 
proper vertex. The generic expression for a struc- 
ture function sum rule is then: 

J dxx n ~ l F{x;Q 2 ) 

= EE C "W 2 ) (010,(0)0,(0)10) Y & . NR (18) 

i 3 

All the target dependence is contained in the 
vertex function ^Q N fq- However, these are not 
unique - they depend on the choice of the basis 
Oj of composite operators. This choice is made 
on physical grounds based on the relevant de- 
grees of freedom, the aim being to parametrise 
the amplitude in terms of a minimal, but suffi- 
cient, set of vertex functions. (These play the 
role of the non-perturbative parton distributions 
in the usual treatment). A good choice can of- 
ten lead to an almost direct correspondence be- 
tween the proper vertices and physical couplings 
such as, e.g., the pion-nucleon coupling g^NN- In 
particular, the proper vertices should be chosen 
whenever possible to be RG invariant. 

It is important to realise that the decomposi- 
tion (17) is an exact expression, independent of 
the choice of the set of operators Oj . A different 
choice of basis set merely changes the definition 
of the proper vertices. In particular, it is not to 
be understood that the set Oj is in any sense a 
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complete set and that choosing a finite number 
of operators (such as the pseudoscalars $5p and 
Qr in sect. 4) represents an approximation. 

4. The g\ Sum Rule and the Topological 
Susceptibility 

We now apply this method to the sum rule for 
g\ . The relevant OPE is: 

Mq)M-q) ~ 2 £ e^J^-C a (Q 2 )J a 05R (19) 

a=0,3,8 

Assuming the absence of a massless pseudoscalar 
(Goldstone) boson in the U(l) channel, we find 

Gf{0;Q 2 )u l5 u =^(P\d»J% R \P) 

= ^2N F (P\Q R (Q)\P) (20) 

where we have used the anomalous chiral Ward 
identity to re-express (0) as the forward ma- 
trix element of the renormalised gluon topological 
density Qr. M is the proton mass. 

We now choose the composite operator basis 
Oj to be the set of renormalised flavour singlet 
pseudoscalar operators Qr and $5^, where, up 
to a subtle but crucial normalisation factor (see 
Q and H for an explanation), the corresponding 
bare operator is simply i^q^q. We may then 
write (c.f. eq.(17)): 

(P\Qr(0)\P) 

= (0\Q r Q r \0)T QrPP + (0\Q r ^ 5R \0)T^ rPP (21) 

where the composite operator propagators are at 
zero momentum and the proper vertices are 1PI 
with respect to Qr and $5^ only. 

The composite operator propagator in the first 
term in eq.(21) is the zero-momentum limit of an 
important quantity in QCD known as the topo- 
logical susceptibility x(^ 2 ); vrz - 

X (fc 2 ) = [ dxe ik - x i{Q\T*Q R (x) Q R (Q)\0) (22) 

Moreover, it can be shown exactly using 
chiral Ward identities that the propagator 
(0\Q R $5_r|0) at zero momentum is simply the 
square root of the first moment of the topological 
susceptibility. We therefore find: 

(p\Qr(o)\p) = x(0)r QRP p + ^mr^ aPP (23) 



The chiral Ward identities also show that for 
QCD with massless quarks, x(0) actually van- 
ishes. This is in contrast to pure Yang-Mills the- 
ory where x(0) is non-zero. We therefore arrive 
at our basic result 

G { °\0;Q 2 )uj 5 u = ^2AWx'(0;Q 2 )IWp(24) 

The quantity \J x'(0) is not RG invariant and 
scales with the anomalous dimension 7. On the 
other hand, the proper vertex has been chosen 
specifically so as to be RG invariant. The renor- 
malisation group properties of this decomposition 
are crucial to our resolution of the 'proton spin 
problem'. 

Our proposal is that we should expect the 
source of OZI violations to lie in RG non-invariant 
terms, i.e. in x'(0)- The reasoning is as follows. 
In the absence of the U(l) anomaly, the OZI rule 
would be an exact property of QCD. So the OZI 
violation is a consequence of the anomaly. But it 
is the existence of the anomaly that is responsi- 
ble for the non-conservation and hence non-trivial 
renormalisation of the axial current J® 5 r- We 
therefore expect to find OZI violations in quan- 
tities sensitive to the anomaly, which we identify 
through their RG dependence on the anomalous 
dimension 7. This seems reasonable since, if the 
OZI rule were to be good for such quantities, it 
would mean approximating a RG non- invariant, 
scale-dependent quantity by a scale-independent 
one. 

Notice that we are not saying that the OZI vio- 
lation is due to a large (non-perturbative) scaling 
effect dependent on 7. We are simply using the 
dependence on the anomalous dimension to iden- 
tify those quantities most likely to display signif- 
icant differences from their OZI approximations. 

If this proposal is correct, we expect yx(0) 
to be significantly suppressed relative to its OZI 
approximation of (1/v6)/tt- The proper vertex 
r$ pp would behave exactly as expected accord- 
ing to the OZI rule. That is, the Ellis-Jaffe vio- 
lating suppression of the first moment of g\ ob- 
served by EMC would not be a special property 
of the proton at all, but would simply be due to 
an anomalously small value of the first moment 
of the QCD topological susceptibility x'(0)- 
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This is our conjectured resolution^] of the 'pro- 
ton spin problem'. It is further supported by 
a number of experimental results in the pseu- 
doscalar U(l) channel, notably in rf — > 77 de- 
cays. See H for further discussion. 

Putting all this together, we conjecture the fol- 
lowing expression for the singlet form factor: 



(iWv6) 



(25) 



5. x'(0) from QCD Spectral Sum Rules 

The remaining task is to find a non- 
perturbative estimate of the first moment of the 
topological susceptibility, x'(0). This is a funda- 
mental quantity likely to reappear in many ap- 
plications of QCD, and an evaluation from first 
principles represents a strong challenge to lattice 
gauge theory. Of course, for a meaningful result 
it is necessary to work beyond the quenched ap- 
proximation, close to the chiral limit. 

Instead, we estimate x'(0) using QCD spectral 
sum rules. A full description of the calculation 
is given in [Q and here we only quote the result. 
We have evaluated x'(0) using subtracted disper- 
sion relations with the Laplace sum rule method, 
finding good stability, and have confirmed the re- 
sult using the finite energy sum rule technique. 
The spectral function is saturated with the single 
lightest pseudoscalar state, the 77'. We find 



Q 2 = WGeV 2 



23.2 ± 2.4 MeV 



(26) 



a suppression of approx. 0.6 relative to the OZI 
value fir/y/6. Substituting this into eq.(25) fi- 
nally gives our result (9) for ■ 

The essential input parameter in the spectral 
sum rules is the 77' mass. (A quite different re- 
sult is found for x'(0) in pure Yang-Mills the- 
ory, saturating the spectral function with a pseu- 
doscalar glueball.) In essence, the sum rules al- 
low us to determine the relevant mass scale for 
OZI breaking in the pseudovector channel using 
as input the known OZI-violating 7/ mass from 
the pseudoscalar channel. The link is the U(l) 
Goldberger-Treiman relation^] which underlies 
our approach. 



6. Conclusion: Not Spin, Not the Proton, 
Not a Problem! 

Our conclusions are simply stated. AS does 
not measure spin. Its suppression relative to the 
OZI (Ellis- Jaffe) value is due to an anomalously 
small value of x'(0) in QCD and is not a spe- 
cial property of the proton. The violation of the 
Ellis-Jaffe sum rule is not a problem in QCD - 
the flavour singlet pseudovector channel is pre- 
cisely where we should expect to find large OZI 
violations and, using spectral sum rules, we have 
given a successful quantitative prediction of AS 
and rf. 

The g\ sum rule does, however, present some 
problems for QCD-inspired models of the pro- 
ton. The Skyrme model would have to be sig- 
nificantly extended to incorporate the 0(1/ Nc) 
effects characteristic of the U(l) anomaly. In 
the parton model, the effect can be incorporated 
(though not as yet predicted) by modifying the 
constituent quark expression (3) for AS to in- 
clude a polarised gluon density Ar with the nec- 
essary renormalisation group behaviour. For fur- 
ther details of this approach, see . 

Finally, it would be interesting to test our pro- 
posal of target independence directly by experi- 
ment. This should be possible in semi-inclusive 
processes in which a pion or D meson is detected. 
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